The multifocal electroretinogram (mfERG) has been commonly used as a method for obtaining objective visual ®elds. Although qualitative comparisons have been good, quantitative comparisons between the results from mfERG and the results from Humphrey Visual Field Analyser (HVFA) have found variable degrees of agreement depending upon the mfERG response parameter examined and/or the disease studied. Lack of agreement may be due to dierences in methodology, dierences in the sites of response generation, and/or dierences derived from comparing suprathreshold versus threshold responses. In addition, the two procedures are performed at dierent levels of adaptation. We developed an approach for matching stimulus parameters and compared mfERG and psychophysical thresholds to assess the eects of technique and level of adaptation on the two responses. Psychophysical and mfERG thresholds were obtained as a function of the adaptation level (1.5±4.0 log td) and retinal location. The derived increment threshold-versus-intensity functions for both measures were ®tted using the equation log T log T 0 logA A 0 =A 0 n . We found that the values of A 0 for the mfERG data were one log unit higher than those for the psychophysical data. In addition, the value of the slope n for the mfERG data was shallower (0.8) than that of the psychophysical data (1.0). Predictions were made about comparisons of HVFA threshold and mfERG amplitude data in patients with retinal disease based upon a two-site model of adaptation. The data for some groups of patients could be best-®tted with a model of a disease acting at a site distal to all gain changes, whereas data from other patients were best ®tted with a model of a disease acting at a site proximal to all retinal gain. The relationship between the Humphrey visual ®eld threshold losses and mfERG amplitude reductions depends upon the site and mechanism of a particular disease process and the model of retinal gain assumed. In no case is a one-to-one relationship between the losses in the two measures predicted. Ó
Introduction
The multifocal electroretinogram (mfERG), a method of obtaining local retinal electrophysiological responses, has achieved wide acceptance (Hood, Seiple, Holopigian, & Greenstein, 1997; Sutter, 1991; Sutter & Tran, 1992) . In many studies, the mfERG technique has been used to examine retinotopic patterns of electroretinogram (ERG) losses in patients with diseases of the retina (see the recent review by Hood (2000) and the VERIS Homepage www.electro-diagnostic.com for a list of multifocal publications). In much of the previous work, local ERG measures have been qualitatively compared to psychophysical measures of local sensitivity (e.g., to results from the Humphrey Visual Field AnalyzerÐHVFA). Agreement between visual ®eld topography and mfERG amplitude topography has been reported (Arai, Nao-i, Sawada, & Hayashida, 1998; Bearse, Sutter, Smith, & Rose, 1995; Kondo, Miyake, Horiguchi, Suzuki, & Tanikawa, 1995; Kretschmann, Seeliger, Ruether, Tomoaki, & Zrenner, 1998; Seeliger, Kretschmann, Apfelstedt-Sylla, & Zrenner, 1998; Yoshi et al., 1998) . Qualitative agreement is often interpreted as implying that there should be a quantitative relationship between these two measures. This may not always be the case. Studies that have examined pointby-point correlations between local HVFA thresholds and local mfERG amplitudes or timings have reported Vision Research 42 (2002) 257±269 www.elsevier.com/locate/visres various quantitative relationships in the grouped data of patients, depending upon the disease studied (Greenstein, Hood & Zhang, 2000) . For an individual patient, however, the correlation between local psychophysics and local electrophysiology may be poor. Some individual patients show large but delayed mfERG responses in areas with profound psychophysical sensitivity de®cits, whereas other patients show relatively normal HFVA sensitivity in areas with non-recordable ERGs Holopigian et al., 2001; Hood, 2000) . These discrepancies in the local relationships may be the result of methodological dierences. The dierences between the two techniques include: stimulus durationÐthe HVFA target is presented for 200 ms, whereas the target duration for the mfERG is nominally 13 ms at a frame rate of 75 Hz (the actual duration depends on the time for phosphor excitation and decay for one frame); stimulus sizeÐthe target size commonly used in HFVA testing subtends 0.43°, whereas the targets for the mfERG are relatively large hexagons (commonly ranging in width from approximately 1°to 5°); mechanism of response generationÐfor the retinal area stimulated, the HVFA threshold re¯ects the most sensitive mechanism, whereas the mfERG re¯ects summed activity; response measureÐthe HVFA provides a measure of threshold activity, whereas the mfERG provides a measure of suprathreshold activity; and adaptation levelÐthe background luminance of the HVFA is typically set at 10 cd/m 2 , whereas the mfERG is modulated around a mean level typically set between 100 and 200 cd/m 2 . In this study, we equated the stimuli and methodology as far as possible and compared psychophysical and electrophysiological thresholds as a function of adaptation level to determine how methodological dierences contribute to the relationship between local psychophysical and mfERG responses.
Methods

Subjects
Four subjects (ages 53, 51, 49 and 41) with normal visual acuity and normal ophthalmologic exams participated in this experiment. The subjects gave informed consent following an explanation of the procedure. The tenets of the Declaration of Helsinki were followed.
Psychophysics
Thresholds were measured for 37 scaled hexagons, and the array subtended 42°horizontally by 39°verti-cally. The hexagon array was presented on a Nortec video monitor (Imaging TechnologiesÐNortec Systems, Plymouth, MN) running at a frame rate of 75 Hz. Only the right eye was tested; the left eye was patched. The subject's pupil was dilated with 1% tropicamide and 2.5% phenylephrine to at least an 8-mm diameter, and the eye was light adapted for 2 min prior to testing by viewing the monitor screen set at the mean luminance of the current condition. The subject then ®xated a cross in the middle of the display through a lens that``bestcorrected'' the subject's vision for the viewing distance of 32 cm. The spatial and temporal sequence of the procedure used to obtain psychophysical increment thresholds is depicted in Fig. 1A . On each trial, only one hexagon, whose position was chosen randomly, was incremented above the background adaptation level by an amount determined by the staircase algorithm (Fig.  1A) . Following each increment, the subject responded whether the stimulus intensity increment was above threshold (``present'') or below threshold (``absent''). The interstimulus interval was at least 3 seconds. Separate staircases were run simultaneously for each hexagon using a MATLAB MATLAB program (Hood, Wladis, et al., 1998) . The threshold algorithm used in this program was modeled after that used in the HVFA (Haley, 1987) . Thresholds were determined as the minimum incremental intensity needed for detection. Following calculation of thresholds for all of the hexagons, the procedure was repeated for the next higher adaptation level. Six adaptation levels were tested: 1.5, 2.0, 2.5, 3.0, 3.5 and 3.8 log td (assuming an 8-mm pupil).
Analysis: Threshold data in log trolands plotted against level of adaptation in log trolands were ®tted using the equation
where T is the threshold, T 0 is the unadapted threshold illuminance specifying the vertical position of the function, A is the adapting illuminance, A 0 speci®es the horizontal position of the function, and n is the slope of the function.
Multifocal ERG
The mfERGs were recorded to the same array of 37 scaled hexagons. The VER IS VER I S software (ElectroDiagnostic Imaging, San Mateo, CA) was used to set the level of adaptation,¯ash intensity, and m-sequence. The m-sequence was set at 3F, and during the F frames the luminance of the hexagons returned to the adapting level (not to zero as is typically done). The rate was slowed to help maintain the level of adaptation. Fig. 1B shows the sequence of frames presented to record the mfERG. Six levels of adaptation were tested: 1.5, 2.0, 2.8, 3.4, 3.7 and 4.0 log td (assuming an 8-mm pupil).
For each level of adaptation, mfERGs were recorded for a series of¯ash intensities above the mean level (from 0.1 to 3.8 cd-s/m 2 ). Following pupil dilation, the cornea was anesthetized with 0.5% proparacaine. mfERGs were recorded using a loop electrode (Hawlina & Konec, 1992) referenced to the ipsilateral temple and grounded to the ipsilateral ear. The raw input was ®ltered at a band pass of 10±300 Hz and ampli®ed 100k. The subject initially adapted for 2 min to an external 60°Â 60°diuse light source set at the same light level as the mean luminance of the monitor for a given condition. The subject then viewed the stimulus array through a lens that``best-corrected'' the subject's vision for the viewing distance, and mfERGs were recorded. The total recording epoch was divided into 16 short segments.
In the psychophysical experiment the light level of the monitor was set at the mean and only one hexagon at a time was incremented above the mean for a short duration (3 frames). The time between these increments was long relative to the increment duration and during the inter-stimulus-interval the subject continued to view the monitor screen. Therefore, the adaptation level was set by the background luminance of the monitor. For the mfERG experiments, the base level of the monitor was also set at the adaptation level, but during each data collection segment, on any frame approximately onehalf of the hexagons were incremented above this mean level. Thus during the short collection epochs, the mean luminance level was the time averaged combination of the mean and increment level. Therefore, the external source was used between recording epochs to maintain Fig. 1 . (A) Spatio-temporal diagram of the procedure for obtaining psychophysical increment threshold data. A randomly chosen hexagon was incremented above the mean level for 3 frames (shown below as the sequence of phosphor excitation and decay); the level of increment was determined by a modi®ed staircase procedure. The subject's threshold was calculated as the minimum¯ash intensity required for detection. In separate conditions, mean adaptation level was varied. (B) Spatio-temporal diagram of the procedure used to collect mfERG data. Hexagons were incremented above a mean intensity level for one frame by a constant¯ash intensity, and mfERGs were recorded. In separate conditions,¯ash intensity and level of adaptation were varied. the adaptation level. That is, following each recording segment, the subject readapted to the external light source for a time period equivalent to the recording segment length. This procedure was repeated for each increment¯ash level and for each adaptation level. In pilot work, an external adaptation period was not employed, and we found that, at low mean levels and/or high increment intensities, the mfERG responses showed evidence of increased adaptation due to changes in time averaged luminance over the course of the recording.
Analysis: Using the V ERI S V ERI S software, ®rst-order kernel responses were analyzed by calculating the``peak-topeak'' amplitudes. Response amplitude versus¯ash intensity functions (V log I) for each level of adaptation were best ®tted using a form of the Michaelis±Menten equation
where V I is the response at intensity I, V max is the peak amplitude at saturation, and k is the¯ash energy producing a response of one-half V max . These ®ts were then used to estimate the¯ash intensity needed to evoke a criterion mfERG response amplitude (Armington, 1974) .
Results
Psychophysics
For each level of adaptation and for each hexagon, thresholds were averaged across the four subjects. Values of T 0 and A 0 were estimated for each hexagon from the best ®t of Eq. (1) to these threshold-versus-intensity (tvi) functions using the Marquandt±Levenberg algorithm for non-linear parameter estimation. For the psychophysical data, the slope of the function, n, was set to equal 1.0 based upon the preliminary best-®t of Eq.
(1) to the present data allowing n to vary and based upon the ®ndings of previous psychophysical studies (Hood, 1998; Hood & Finkelstein, 1986) . The values for log T 0 and log A 0 for each hexagon are presented in Figs. 2A and B. There were variations in these values, but it was dicult to determine patterns from the 37 points. Therefore, we summarized all of the data and also averaged these data by eccentricity and hemi®eld.
To summarize all of these ®ndings, psychophysical thresholds were averaged within each level of adaptation across all hexagons for all four subjects. The mean (AE1 s.d.) thresholds are plotted as a function of the level of adaptation in Fig. 3A . As the illuminance of the adapting ®eld increased, the¯ash intensity required for threshold increased. Values of log T 0 and log A 0 were estimated from the best ®t of Eq. (1), with n set to 1.0. The log T 0 for the combined data was 0.55 log td, and the log A 0 was 1.70 log td.
The threshold data were also examined as a function of eccentricity for three concentric rings: inner seven hexagons (radius <8.4°), middle 12 hexagons (from 8.4°t o 15.9°), and outer 18 hexagons (from >15.9°to 21.0°). For all subjects, thresholds were averaged across hexagons within each ring. The mean (AE1 s.d.) thresholds for each ring are plotted in Fig. 3B . The log T 0 values for the inner, middle and outer rings were 0.56, 0.59, and 0.67 log td, respectively. The log A 0 values were 1.59, 1.69 and 1.73 log td, respectively. To allow for statistical comparisons, the psychophysical thresholds were also averaged within each subject for each of the three rings, and each subject's tvi function was ®tted with Eq. (1). The values of the ®ts to each subject's data are presented in Table 1 . Repeated measures ANOVAs found a sig- ni®cant eect of ring eccentricity for log T 0 (F (2; 6) 23.5, p 0:0014), with a signi®cantly smaller log T 0 for ring 1 than for ring 3 (Tukey Test q 9:2, p < 0:002) and a signi®cantly smaller log T 0 for ring 2 than for ring 3 (Tukey Test q 7:3, p < 0:005). There was no signi®cant eect of ring eccentricity for log A 0 (F (2; 6) 2.01, p 0:22).
In addition, the threshold data were examined as a function of hemi®eld: nasal, temporal, superior and inferior. Collapsed data for the four subjects are plotted in Fig. 3C . The log T 0 for the nasal hemi®eld was 0.63 and for the temporal hemi®eld, log T 0 was 0.61, whereas those for the superior and inferior hemi®elds were 0.64 and 0.68 log td, respectively. Log A 0 values were 1.67, 1.67, 1.64 and 1.65 log td for the nasal, temporal, superior and inferior hemi®elds, respectively. Thresholds were also averaged within subjects for each hemi®eld, and each subject's tvi function was ®tted with Eq. (1). The values of the ®ts to each subject's data are presented in Table 1 . Repeated measures ANOVAs found no signi®cant eect of nasal versus temporal hemi®eld for log T 0 (F (1; 3) 3.5, p 0:60) or for log A 0 (F (1; 3) 0.07, p 0:81). Likewise, there was no signi®cant effect of superior versus inferior hemi®eld for log T 0 (F (1; 3) 2.43, p 0:22) or for log A 0 (F (1; 3) 0.13, p 0:74). 
Multifocal ERG
The mfERG thresholds were obtained by plotting peak-to-peak amplitude as V log I functions for each level of adaptation and then ®tting these data with Eq. (2). To illustrate this, amplitudes were summed for all hexagons within a subject and then averaged across subjects (n 4) for each¯ash intensity at each adaptation level. The mean (AE1 s.d.) amplitudes are plotted in Fig. 4A as a function of¯ash intensity; the ®ts of Eq. (2) to these data are plotted as solid lines. As adaptation level increased, there was an increase in the value of k, seen as a lateral shift along the intensity axis, coupled with a decrease in V max at the two highest adaptation levels. Values of k were 0.37, 0.48, 1.07, 1.42, 1.52 and 2.07 cd-s/m 2 and the values of V max were 31.1, 31.8, 31.7, 31.6, 27.8 and 24.8 lV for adapting illuminance levels of 1.5, 2.0, 2.8, 3.4, 3.7 and 4.0 log td, respectively.
From the V log I functions, the¯ash intensities required to evoke a criterion response can be calculated. This is demonstrated in Fig. 4B , where actual mfERG waveforms are presented and their peak-to-peak values plotted as a function of¯ash intensity. These data points were then ®tted with Eq. (2) and, for this demonstration, a criterion voltage level of 5 lV was chosen. The calculated threshold¯ash intensity for this criterion voltage was calculated to be 0.06 cd-s/m 2 . The choice of the voltage level of the criterion response is arbitrary, with the provision that it falls within the linear portion of the function. In Fig. 4C , the tvi functions derived from the choice of three criterion voltages (5, 10 and 15 lV) are plotted. The lines drawn through these points are the best-®ts of Eq. (1), and the values of the parameters log T 0 and log A 0 are shown to the right of the ®gure. Choosing higher criteria simply shifts the tvi function vertically (a shift in log T 0 ) with no change in the horizontal positions of these functions (log A 0 ). Therefore, for all of the mfERG data presented below, the criterion voltage was selected to make the values of log T 0 for the mfERG data similar to those of the corresponding psychophysical data.
These calculated mfERG threshold data were then ®tted with Eq. (1). Unlike the psychophysical threshold data, the value of the exponent, n, was not set to equal 1.0. A number of electrophysiological studies have derived tvi data from photoreceptor activity and reported that the slopes of the ®ts to these data are generally <1.0. Here, we used two approaches for determining slope. The ®rst was based on a computational method proposed by Hood, Ilves, Maurer, Wandell, and Buckingham (1978) . The values of k and R max for each of the V log I functions were used to calculate thresholds for each level of adaptation. These derived tvi functions were then ®tted with Eq. (1), allowing n to vary. Using the data presented in Fig. 4A , the slope of the best-®t function was found to be 0.76. In the second approach, the threshold data from Fig. 4C for a 5 lV criterion level were ®t with Eq. (1), allowing the value of n to vary. The best-®t equation to these threshold data yielded a slope of 0.8. These values are in agreement with the values reported for the late receptor potential (Valeton & van Norren, 1983) and for horizontal cells (Smith, Pokorny, Lee, & Dacey, 2001) ; therefore, all of the mfERG threshold data presented below were ®t with the value of n set to 0.8.
In the same manner as for the psychophysical data, thresholds were averaged within each hexagon for each level of adaptation across the four subjects. Values of log T 0 and log A 0 were estimated for each hexagon from the best ®t of Eq. (1) to the tvi functions using the Marquandt±Levenberg algorithm for non-linear parameter estimation. The values for log T 0 and log A 0 for each hexagon are presented in Figs. 5A and B. Once again, there were variations in these values, but any pattern in these variations was dicult to determine from these plots. Therefore, we again summarized all data and also averaged these data by eccentricity and hemi®eld.
In order to summarize these ®ndings, for each subject, the mfERG amplitudes were averaged across all 37 hexagons for each¯ash intensity condition, and thresholds were then calculated based upon the ®t to the resulting V log I functions. These thresholds were then averaged across subjects for each level of adaptation and plotted as a tvi function (Fig. 6) . Values of log T 0 and log A 0 were estimated from the best ®t of Eq. (1). The ®t to these data yielded a value of 1.04 log td for T 0 and a value of 2.86 log td for A 0 (solid line). For comparison, the ®t to the corresponding psychophysical data is also shown in Fig. 6 (dashed line). The psychophysical function has been vertically displaced to align the log T 0 s of the two measures. This comparison demonstrates the in¯uences of the dierence in log A 0 values and the difference in slopes between the two tests. The electrophysiological threshold data were next examined as a function of eccentricity for the three concentric rings: inner, middle and outer. The ®t of Eq.
(1) to the summarized data yielded log T 0 values of 0.56 log td for the inner ring, 0.90 log td for the middle ring, and 1.25 log td for the outer ring. Log A 0 values for the inner, middle and outer rings were 2.47, 2.90 and 3.00 log td, respectively. To allow for statistical comparisons, the mfERG thresholds were also averaged for each subject for each of the three rings, and each subject's tvi function was ®tted with Eq. (1) . The values of the ®ts to each subject's data are presented in Table 2 . Repeated measures ANOVAs found a signi®cant eect of ring for log T 0 (F (2; 6) 32.66, p < 0:001), with a signi®cantly smaller log T 0 for ring 1 than for ring 3 (Tukey Test q 11:38, p < 0:001), a signi®cantly smaller log T 0 for ring 2 than for ring 3 (Tukey Test q 6:60, p 0:008), and a signi®cantly smaller log T 0 for ring 1 than for ring 2 (Tukey Test q 4:78, p 0:034). There was also a signi®cant eect of ring eccentricity for log A 0 (F (2; 6) 5.78, p 0:04), with a signi®cantly smaller log A 0 for ring 1 than for ring 3 (Tukey Test q 4:81, p 0:03).
The mfERG threshold data were also examined as a function of hemi®eld: nasal, temporal, superior and inferior ( Table 2 ). The ®t of Eq. (1) to the summarized data yielded log T 0 values of 1.18, 1.10, 1.06 and 1.29 log td and log A 0 values of 3.12, 2.79, 2.83 and 3.18 log td for the nasal, temporal, superior and interior hemi®elds, respectively. A repeated measures ANOVA on the individual subject's data did not ®nd signi®cant dierences for log T 0 (F (1; 3) 1.00, p 0:39) or for log A 0 (F (1; 3) 5.13, p 0:11) between the nasal and temporal hemi®elds. Likewise, there were no signi®cant dierences in either log T 0 (F (1; 3) 3.14, p 0:16) or log A 0 (F (1; 3) 5.26, p 0:11) between the superior and the inferior hemi®elds.
Discussion
Predictions about comparisons of mfERG and HVFA data
Despite our attempt to equate stimulus parameters and methodology, dierences between tvi functions for psychophysical and mfERG data remain. We found that, compared to the HVFA, the mfERG required a log-unit-higher background luminance level before demonstrating an adaptation-dependent increase in threshold. In addition, the slope of the mfERG tvi functions was shallower than that of the corresponding psychophysical function. Both of these ®ndings are important when attempting to compare clinical HVFA data with clinical mfERG data since the HVFA is typically performed at a lower level of adaptation than the mfERG. Therefore, the relationship between HVFA and mfERG data from patients will be dependent on how a retinal disease aects sensitivity as a function of adaptation level. In order to predict this relationship, a model of adaptation and a model of disease must be assumed. For the following discussion, we used a twosite model for the cone system that has been proposed by Hood and Greenstein (1990) and . In this model, the ®rst site of adaptation (g1) is observed at the receptor output and has recently been demonstrated in the response of horizontal cells (Smith et al., 2001) . The second site of adaptation (g2) is before generation of the behavioral data and perhaps before or at the level of the ganglion cells (Hood & Greenstein, 1990; Purpura, Tranchina, Kaplan, & Shapley, 1990) .
A conceptual framework for testing hypotheses about disease-related alterations in retinal function using this model and tvi functions has been presented by Hood (1988) and . These authors contrasted two possible eects of retinal disease on threshold depending upon the sites and the mechanisms of disease action. In the ®rst (d1), a disease acts at a site before g1 by a mechanism that would be equivalent to a reduction in quantal catch. This would result in sensitivity losses that are dependent upon the level of adaptation and are equivalent to increases in both log T 0 and log A 0 by the same multiplicative constant. In a second case (d3), a disease acts proximal to the sites of both g1 and g2. This would result in sensitivity losses that are equal at all adaptation levels and that are equivalent to an increase in the value of log T 0 only for the psychophysical tvi function. That is, the prediction is for no change in the mfERG tvi function since the site of d3 is after the site(s) of generation of the ®rst-order mfERG.
We used the model proposed by Hood and Greenstein (1990) to predict relationships between mfERG and HVFA data when either d1 or d3 was altered (i.e., d1 or d3 < 1:0). We inserted the value of A 0 obtained from our mfERG data for g1 and the value of A 0 obtained from our psychophysical data for g2. We then considered the consequences of a disease that has its eect before g1. This would result in sensitivity losses that are dependent upon adaptation. An adaptationdependent sensitivity loss has consequences for clinical comparisons since the HVFA data are typically collected at a single adaptation level, with a mean luminance of 10 cd/m 2 and using a natural pupil. For this discussion, we estimated that the pupil diameter under this condition would be 3 mm and calculated that the HVFA is conducted at an adaptation level of 1.85 log td. In contrast, mfERGs are typically recorded using a mean level of 100 cd/m 2 , and the subject's pupil is dilated. We assumed a pupil diameter of 8 mm and calculated that the mfERG is conducted at an adaptation level of 3.70 log td. The two levels at which the tests are conducted are indicated by the vertical arrows in Fig. 7 . A change in the value of d1 increases the values of both log T 0 and log A 0 by the same multiplicative constant, causing an``up and over'' shift of the tvi function. We modeled two values of d1 resulting in an increase of 0.5 (diamonds) and 1.0 log units (squares) above the baseline condition (circles) for log T 0 and log A 0 (Fig. 7Ðd1) . Fig. 7 . Changes in the tvi functions predicted by the Hood and Greenstein (1990) model. d1. Dashed lines: changes in the best-®t function to the psychophysical data based upon modeling two values of d1 resulting in an increase of 0.5 (diamonds) and 1.0 log units (squares) above the baseline level (circles) for both log T 0 and log A 0 . Solid lines: changes in the best-®t function to the electrophysiological data based upon modeling two values of d1 resulting in an increase of 0.5 and 1.0 log units for both log T 0 and log A 0 . The vertical arrows represent the adaptation levels (in log td) at which HVFA sensitivities (1.85) and mfERG responses (3.70) are commonly obtained. d3. Modeling of the eects of a change in the value of d3. This resulted in an increase in the value of only log T 0 by 0.5 (diamonds) and 1.0 log units (squares) above the baseline level (circles) for the psychophysical data (dashed lines) and no change in the mfERG tvi function (solid line).
At the levels of adaptation typically used, the resulting increase in threshold is not equivalent for the two measures. The mfERG thresholds (solid lines) increase less than psychophysical thresholds (dashed lines) for the same increase in log T 0 and log A 0 . This is due to the dierences in adaptation level at which the two tests are performed and the dierences in log A 0 and slope between the two tvi functions. Secondly, we modeled the eects of a change in the value of d3. This resulted in an increase in the value of only log T 0 for the psychophysical data and no change in the mfERG tvi function (Fig.  7Ðd3) . Note that in neither case is a`one-to-one' loss predicted. All of these predictions concern changes in thresholds. In a clinical setting, one is interested in comparing psychophysical threshold elevations to reductions in mfERG amplitudes elicited with suprathreshold¯ashes. Therefore, for each predicted mfERG threshold elevation, we calculated the decrease in suprathreshold amplitude based upon the parameters of the V log I function for an adaptation level of 3.8 log td. These two predictions for mfERG amplitude reductions versus HVFA threshold elevations are plotted as dashed lines in Fig. 8 . The horizontal line is the prediction based on a d3 change, and the diagonal line is the prediction based on a d1 change.
To illustrate an application of this model, we examined how well data from a group of patients with retinitis pigmentosa (RP) were ®t by these predictions. Fifteen patients (mean age 46 years) were referred by one of the authors (REC). The diagnosis of RP was based upon funduscopic examination and the results from the full-®eld ERGs. Patients were chosen based upon good central acuity (20/40 or greater) and Goldmann visual ®elds (V4e) of at least 10°in diameter. Some of these patients' data have been previously presented (Holopigian et al., 2001; . If RP acts at a site that results in a change in d1 only, then the diagonal dashed line calculated from the model should ®t the data. If the disease acts at a site that results in a change to d3 only, then the patient data should be ®t with the horizontal dashed line.
We used the standard error of the ®t (STERR) statistic as the criterion of the goodness of ®t to assign a patient's data to one of the two models of site of disease (d1 or d3). We ®tted each patient's data with both models, and the model with the lowest value of ®t STERR was selected for each patient. The data for eight of the 15 patients with RP were best ®tted by the d1-site model (average STERR for d1 fits 0:11) and for the same patients, the ®ts of the d3-site model yielded higher STERRs (average STERR for d3 fits 0:16). This difference was statistically signi®cant (paired t 3:66, p 0:03). A d1-pattern of loss (i.e., changes in both A 0 and T 0 ) would result if the disease aected a location(s) before the site of gain (g1). A d1 loss is consistent with losses of quantal catch due to loss of photopigment, a shortening or tilting of photoreceptors, or some form of pre-retinal ®lter. The ®ndings in this group of RP patients are consistent with the ®ndings for patients with RP reported by van Meel and van Norren (1983) , for 12 of 20 patients studied by Alexander, Delacki, Fishman, and Peachey (1991) , and for one of seven patients studied by Greenstein, Hood, and Carr (1987) . For the seven patients with RP whose data were best-®tted by a d3-site model, the average STERR for d3 was 0.04, whereas the ®t of the d1-site model to these same patients' data yielded a higher average STERR of 0.11. This dierence was statistically signi®cant (t 3:81, p 0:02). A pattern consistent with d3 loss (i.e., an increase in T 0 for the psychophysics only) also agrees with the reports of probe-¯ash data on other individuals with RP (Alexander et al., 1991; Greenstein et al., 1987) . It is apparent that at least two sites of disease action can be distinguished in patients with RP. Hood (2000) also argued for two dierent sites of disease action in RP based upon dissociations between mfERG amplitude and implicit time losses in individual patients. A cone photoreceptor locus was proposed for those patients with mfERG amplitude losses coupled with implicit time delays of <6 ms, whereas an outer plexiform layer locus was proposed for those patients who demonstrated relatively large mfERG amplitudes but signi®cantly delayed (>7 ms) implicit times.
Relative mfERG amplitudes are plotted against HVFA threshold elevations for two of the patients with RP, who each represent one of these two types of ®ts (Fig. 8A) . As can be observed on the plots, the intercept of the ®tted (solid) lines with zero HVFA threshold elevation is not at the point representing zero mfERG amplitude (ratio 1:0), as is predicted by the model. This may be due to the fact that the mfERG response re¯ects the summed electrical potential of a group of cells, whereas the HVFA threshold measure might reect the most sensitive cell(s) within the area of the visual ®eld that is stimulated. For example, a patient might have lost one-third of the elements within a given area, resulting in a parallel mfERG amplitude reduction, yet the HVFA threshold value might be normal if mediated by a small number of healthy elements.
A similar analysis was conducted on the mfERG and HVFA data from a group of six patients with diabetes and clinically signi®cant macular edema . The patients' mean age was 56 years, and their visual acuities ranged from 20/30 to 20/50. None of the eyes studied had signi®cant lens opacities or ocular disease unrelated to diabetes. All subjects had central ®xation. The ®t to each patient's data with the d3-site model yielded lower STERRs than the ®t with the d1-site model: average d1 STERR 0:42 and average d3 STERR 0:19 (t 11:36, p 6 0:001). This ®nding is consistent with data for the s-cone system in patients with diabetic retinopathy (Greenstein, Shapiro, Zaidi, & Hood, 1992) . Representative data from two diabetic patients are plotted in Fig. 8B . Notice that, for these patients, the intercepts are as predicted by the model.
Conclusions
A lack of one-to-one correspondence between psychophysically measured cone system sensitivity losses and mfERG cone-mediated response amplitude reductions has been reported Holopigian et al., 2001; Hood, 2000; . In this study, we examined whether the lack of a unitary correspondence between the losses in the two measures could be attributed to dierences between the two paradigms or whether they re¯ect the interactions among sites of disease and sites of adaptation. When the stimulus factors of size, duration, and adaptation level were modi®ed to make them more equivalent for the two techniques, we found that dierences remained. Compared to the psychophysics, the mfERG required a log unit higher adaptation level (log A 0 ) before a change in gain was observed; in addition, the slope of the mfERG tvi function was shallower. Our ®nding of higher log A 0 values and shallower slopes for the electrophysiological data are consistent with data reported for the cone photoreceptors. For example, tvi functions derived from fractional recording across the outer segment layer (Valeton & van Norren, 1983) , from local ERGs (Baron & Boynton, 1975) and from isolated single cones (Schnapf, Nunn, Meister, & Baylor, 1990) show that the adapting illuminance at which gain begins (log A 0 ) is higher than that reported for classic psychophysical experiments. Hood and Birch (1993) derived tvi functions from an analysis of the leading edge of the ERG a-wave and compared the derived values of log A 0 to those of psychophysical studies. They also reported a higher value of log A 0 for their a-wave-derived ®ndings than those reported in published psychophysical experiments. The similarity of our ®ndings to these previously published observations suggests that the adaptation properties of the outer retina are re¯ected (maintained) in the mfERG response.
Past studies have reported agreement between visual ®eld extent (mainly using kinetic perimetry) and full®eld ERG amplitudes alone, or with the parameters of V log I ®ts (Birch, Herman, deFaller, Disbrow, & Birch, 1987; Hood, Shady, & Birch, 1994; Iannaccone et al., 1995; Sandberg, Weigel-DiFranco, Rosner, & Berson, 1996; Shady, Hood, & Birch, 1995) . However, there have also been studies reporting relatively poor agreement (Arden et al., 1983; Gurewitsch & Niemeyer, 1982; van der Tweel, 1964; Yagasaki, Jacobson, Ap athy, & Knighton, 1988) . For example, Arden et al. (1983) reported that, in one group of patients with rod±cone degeneration, there were smaller full-®eld ERG amplitudes than might be expected based upon the amount of visual ®eld loss, whereas, in another group of patients, there were higher threshold elevations than expected based on the full-®eld ERG results. One shortcoming of these earlier studies was the inability to compare these relationships as a function of local position on the retina. More recent work has compared local mfERG responses with local psychophysical sensitivities measured using the HVFA. For example, have shown that, in a group of subjects with RP, there was a qualitative agreement between local mfERG amplitude and visual ®eld sensitivities. The correlation coecient was small, however, and reduced mfERG amplitudes were recorded in many local areas where HVFA sensitivities were within the normal range.
The present work demonstrates that, when attempts are made to compare the results of HVFA to mfERG amplitudes, one must consider the dierences in adaptation level at which each test is conducted, whether responses are threshold or suprathreshold, and the manner in which retinal disease aects the adaptationdependent responses. Therefore, predictions about these relationships must be based upon a model of adaptation and inferences concerning the site of disease action.
